Metallic nanoparticles (NPs) are promising nanomaterials used in different technological solutions as well as in consumer products. Silver (Ag), gold (Au) and platinum (Pt) represent three metallic NPs with current or suggested use in different applications. Pt is also used as vehicle exhaust catalyst leading to a possible exposure via inhalation. Despite their use, there is limited data on their genotoxic potential and possible size-dependent effects, particularly for Pt NPs. The aim of this study was to explore size-dependent genotoxicity of these NPs (5 and 50 nm) following exposure of human bronchial epithelial cells. We characterised the NPs and assessed the viability (Alamar blue assay), formation of DNA strand breaks (mini-gel comet assay) and induction of micronucleus (MN) analysed using flow cytometry (in vitro microflow kit). The results confirmed the primary size (5 and 50 nm) but showed agglomeration of all NPs in the serum free medium used. Slight reduced cell viability (tested up to 50 µg/ml) was observed following exposure to the Ag NPs of both particle sizes as well as to the smallest (5 nm) Au NPs. Similarly, at non-cytotoxic concentrations, both 5 and 50 nm-sized Ag NPs, as well as 5 nm-sized Au NPs, increased DNA strand breaks whereas for Pt NPs only the 50 nm size caused a slight increase in DNA damage. No clear induction of MN was observed in any of the doses tested (up to 20 µg/ml). Taken together, by using the comet assay our study shows DNA strand breaks induced by Ag NPs, without any obvious differences in size, whereas effects from Au and Pt NPs were size-dependent in the sense that the 5 nm-sized Au NPs and 50 nm-sized Pt NPs particles were active. No clear induction of MN was observed for the NPs.
Introduction
Metallic nanoparticles (NPs) are promising nanomaterials used in many different technical solutions including consumer products and biomedical applications. Among the engineered nanomaterials, silver NPs (Ag NPs) are most commonly incorporated in nano-functionalised consumer products, mainly due to their antimicrobial properties. The global consumption of Ag NPs has been estimated to be hundreds of tons per year and the different products include paints, cosmetics, deodorants, clothing, textiles, food packaging, medical devices, wound dressings, detergents, biosensors and biomedical products (1) . Gold (Au) NPs are also increasingly used in various biomedical applications including imaging, therapeutics and molecular sensing (2) . A third metal with possible human exposure in its NP-form is platinum (Pt) that, e.g. is used as vehicle exhaust catalyst (3) . All three metallic NPs (Ag, Au and Pt) have been suggested to be of therapeutic use in different applications (4) . Altogether, their increased use in different applications suggests an increased risk for human exposure.
Of these three metallic nanomaterials, Ag NPs are the most widely studied in terms of genotoxicity. Both in vitro (5) (6) (7) (8) (9) (10) and in vivo (11, 12) studies have shown genotoxicity. How the particle size contributes to the genotoxic effects is, however, still unclear. Some studies indicate rather similar extent of DNA breaks for various sizes of Ag NPs (8, 13) , whereas a higher genotoxic potency of smaller Ag NPs (when using mass as a dose metric) is supported by several studies (9, (14) (15) (16) . Genotoxicity of Au NPs is still a controversial question and Au NPs are generally regarded as bio-inert (2) . Still, some studies have shown genotoxic effects (17, 18) . The number of studies examining Pt NPs is very limited, but two studies have reported some genotoxicity (5, 19) . However, Elder and colleagues reported that Pt NPs do not induce oxidative stress or cytotoxicity in either cell-free systems, cultured human cells or when tested in vivo (20) .
Due to the inconsistencies in previous studies for all these NPs and limited available scientific data for Pt NPs, we focused the present study on revealing possible size-dependent genotoxic effects of Ag, Au and Pt NPs. Human bronchial epithelial cells (HBEC) were used since we were particularly interested in lung genotoxic effects following inhalation of Pt NPs.
Materials and methods

NPs and characterisation of size
All NPs (Ag, Au and Pt) investigated in this study were citrate coated (BioPure™) and in two particle sizes, 5 and 50 nm. The NPs were obtained from nanoComposix (San Diego, CA) in the form of stock dispersions (1 mg/ml) in aqueous 2 mM citrate (Ag and Pt) and in ultrapure water (milli-Q) (Au). The size of the NPs was examined in a Hitachi HT 7700 (Hitachi, Tokyo, Japan) electron microscope at 80 kV and digital images was taken by a Veleta camera (Olympus, Münster, Germany). The size of particles was measured using the software in the microscope (Olympus Soft Imaging Solutions, GmbH, Münster, Germany). A Nanosight NS300 instrument (Malvern, Uppsala, Sweden) with a 405 nm laser was used for NP tracking analysis (NTA) in order to determine the hydrodynamic number distribution of all NPs in the exposure medium (mix of LHC-9 and PRMI, see below) at particle concentrations of 10 µg/ ml. All NPs were scattering the light at very high intensities, why the camera level of the instrument had to be adjusted to very low levels (4-6 as compared with 11-13 for the background). Each measurement was performed at 25°C and with 3 times 60 s captures. The NTA 3.2 software was employed and the viscosity of water was used as input value.
Characterisation and calculation of electrophoretic mobility and zeta potential
The electrophoretic mobility of the NPs was measured by means of a Zetsasizer nano Z instrument (Malvern, Uppsala, Sweden) at a ratio of 5 µg NPs in 1 ml 14 mM NaCl (pH 5.4) in Malvern Zetasizer Nanoseries cuvettes. Prior to the measurement, the solution was mixed using a vortex shaker. The Smoluchowski approximation was used to calculate the zeta potential from the electrophoretic mobility, with the input values of 0.20, 0.135 and 4.5 as the refractive index for Au, Ag and Pt NPs, respectively. As a dispersant, water with a refractive index of 1.33, a viscosity of 0.8872 cP and a dispersant dielectric constant of 78.5, was used for calculations. Since the Smoluchowski approximation not always is the best model to describe metal NPs in solution (21) , the electrophoretic mobility is presented in the Supplementary Material.
Cell culture conditions and exposures
The normal human bronchial epithelial cells HBEC3-kt, immortalised with CDK4 and hTERT were used for all experiments in this study. This cell line, hereafter denoted HBEC, was a kind gift from S. Zienolddiny, STAMI (Statens Arbeidsmiljøinstitutt) Norway via collaborations in the FP-7 NANoREG consortia. HBEC cells were cultured in 50% of LHC-9 serum free medium (Gibco 12680013, supplemented with 1% penicillin-streptomycin, PEST) and 50% of RPMI 1640 medium (Sigma R8758 supplemented with 1% PEST and 1% l-glutamine). No fetal bovine serum (FBS) was added into the cell medium. Cells were cultured in flasks pre-coated with 0.01% collagen (Type I, PureCol® from Advanced BioMatrix) in a humidified atmosphere at 37°C, 5% CO 2 and sub-cultured at 80% confluence. For each assay, cells were seeded 1 day prior the experiment at an approximate density of 1.5-2 ×·10 4 cells/cm 2 . The exposure took place the following day at approximately 60-80% cell confluency. The stock suspensions of NPs were vortexed, the correct amount added to cell medium in Eppendorf tubes and the suspensions were vortexed again before addition to the cells.
Cell viability assessment
Cell viability was assessed by the Alamar Blue assay, a method based on analysis of the reducing power of metabolically active cells. HBEC cells were seeded in transparent 96 well plates pre-coated with 0.01% collagen 1 day prior to exposure. The cells were then exposed to Ag, Au and Pt NPs in two sizes (5 and 50 nm) in concentrations ranging from 0.5 to 50 μg/ml in 100 μl medium (0.14-14 μg/cm 2 ) for 48 h. After exposure, 10% Alamar Blue reagent (Invitrogen) was added to each well and incubation was performed for 2 h at 37°C. The fluorescence (Ex560/Em590) was measured by using a plate reader (Tecan Infinite T200) equipped with Magellan software. After reading, Alamar Blue reagent was removed and fresh culture media without NPs was added to each well for additional 24 h. Fresh Alamar Blue reagent was then added and fluorescence was again measured as described above. Results are presented as percentage of cell viability compared to control, which was set to 100%. Background fluorescence (10% Alamar Blue in medium) was subtracted from each well. Experiments were performed four times in duplicate wells for each particle type, size, time point and concentration.
Genotoxicity assessment using mini-gel comet assay
The alkaline comet assay, also known as single cell gel electrophoresis, was used to detect single and double DNA strand breaks as well as alkali labile sites. HBEC cells were seeded in 24-well plates and exposed to Ag, Au and Pt NPs (5 and 50 nm) in concentrations 1, 10 and 20 μg/ml in 600 μl medium (0.3-6.3 μg/cm 2 ) for 48 h. Cells were harvested and the mini-gel comet assay was performed similarly to the method previously described (22) . Briefly, cells were harvested using trypsin, cell medium (150 µl) with FBS was added to stop trypsinisation and 25 μl of the cell suspension was mixed with 150 μl 0.75% low melting point agarose (type VII from Sigma-Aldrich). Next, 20 μl aliquots were added as drops onto cold microscope slides pre-coated with 0.3% agarose. Two gels on different slides were made for each sample and eight minigels were prepared on each slide. Cells were lysed on ice with a freshly prepared 1% Triton X-100 lysis buffer (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, pH 10) for 1 h in dark conditions. They were then placed in alkaline buffer (0.3 M NaOH, 1 mM EDTA) for unwinding (40 min). Afterwards, electrophoresis was performed in the same buffer for 30 min at 29 V, 1.15 V/cm. Samples were then neutralised (2 × 5 min in 0.4 M Tris buffer and 5 min in water), dried overnight and fixed in methanol (5 min). DNA was stained by immersing air-dried slides in 1:10 000 SYBR-green (Thermo Fisher Scientific, Waltham, MA) diluted in 1× TAE buffer (Sigma-Aldrich) for 15 min. Scoring was then performed using a fluorescence microscope (Leica DMLB, Meyer Instruments, Inc., Houston, TX) with the Comet assay IV software (Perceptive Instruments Ltd., Suffolk, UK). One hundred cells were scored per sample (50 comets on each duplicate gel) and results were expressed as mean of percent DNA in tail. Exposure to hydrogen peroxide (20 μM) for 5 min was used as a positive control. Three individual experiments were performed for each particle and concentration.
Genotoxicity assessment using micronucleus assay
The induction of micronuclei was determined by flow cytometry using the in vitro microflow kit (Litron Laboratories). The method is based on double staining in order to distinguish between apoptotic/necrotic cells and damaged cells with micronuclei. The method was performed according to instructions given by the manufacturer and as described previously (22) . HBEC cells were seeded in 96-well plates and exposed to 1, 10 and 20 μg/ml of NPs (Ag, Au and Pt; 5 and 50 nm) in 100 μl (0.3-6.3 μg/cm 2 ) for 48 h. After exposures, the cells were washed twice with phosphatebuffered saline (PBS) and incubated on ice with ethidium monoazide stain (EMA) for 30 min under cold white light to allow stain photoactivation. Subsequently, cells were lysed and stained with SYTOX green for 1.5 h in dark conditions and 37°C. Samples were then acquired using a BD Accuri C6 flow cytometer (Becton Dickinson). The flow was set to 20 μl/min and run threshold to 10 000 gated nuclei. Gating of the healthy nuclei, micronuclei, apoptotic/necrotic nuclei together with analysis of the plots and cell cycle histograms was performed using the BD Accuri C6 software. Etoposide (0.2 μg/ml) was used as a positive control.
Statistics
Statistical analysis was performed using GraphPad Prism 5 statistical software (GraphPad Inc.). Two-way analysis of variance (ANOVA) was used to test whether the effects analysed were statistically significantly depending on concentration and/or size. The Alamar blue assay was performed in four independent experiments with two different wells exposed in each experiment (N = 8). The comet assay was performed in three independent experiments with one well exposed per sample (N = 3). Two different separate gels were prepared from each sample. The micronucleus (MN) assay was performed in three independent experiments with two different wells exposed in each experiment (N = 6). All results are expressed as mean values ± SEM.
Results
Particle characterisation
The NPs were characterised in terms of size (using TEM), zeta potential (calculated from electrophoretic mobility, see Supplementary  Table 1 ) as well as size of the NPs in the actual cell medium (using NTA). The results confirmed the size as reported by the manufacturer, approximately 5 and 50 nm, respectively, (see Figure 1) and results in Table 1 show the mean and standard deviation of at least 100 measured NPs. Zeta potential measurements showed that all NPs had a negative surface charge in the stock suspension. These results are presented in Table 1 as average and standard deviation values of at least two independent samples with three replicate readings (see also electrophoretic mobility in the Supplementary Material). Information about surface area and endotoxin content provided by the manufacturer (nanoComposix) is also given in Table 1 . The NTA analysis showed that all NPs agglomerated in the cell medium as they all showed size distributions up to approximately 400 nm (Figure 2) . For all NPs, the 50 nm sized particles seemed to have some fraction of primary sized (50-80 nm) NPs in suspension, however, with the majority of NPs present as larger (agglomerated) sizes. In contrast, all 5 nm NPs showed size distributions that were significantly larger as compared to their primary size (>70 nm for Ag NPs, >100 nm for Au NPs and >80 nm for Pt NPs). It should, however, be noted that the primary NPs, sized <10 nm may be difficult to detect, as they are overshadowed by the larger agglomerates. The most evident peak that could be assigned to the primary particle size was observed for the 50 nmsized Ag NPs.
Cell viability
The NPs were in general non-cytotoxic in the doses tested (up to 50 μg/ml) at 48 h. Both the 5 and 50 nm-sized Ag NPs showed only a slight reduction in cell viability at the highest dose tested (87% and 90% viability for the 5 and 50 nm, respectively, see Supplementary  Figure 1 ). The effect of cell viability was more pronounced when the reading was performed after additional 24 h in fresh medium (73% and 63% viability, respectively). Two-way ANOVA analysis showed evident concentration dependent effects (P < 0.001), but no sizedependent effects ( Figure 3A ). This was in contrast to the Au NPs that showed a slight (statistical significant) reduction in cell viability for the smallest Au NPs (5 nm, 78% viability in 50 μg/ml) whereas the 50 nm-sized particles resulted in higher cell viability compared to controls (107% viability in 50 μg/ml) at 48 h + 24 h ( Figure 3B) . A similar trend was observed for the Pt NPs showing 97% viability in the highest dose for the 5-nm sized particles and 109% viability (most likely due to increased proliferation) for the 50 nm-sized Pt NPs ( Figure 3C ).
DNA strand breaks-comet assay
The mini-gel alkaline comet assay was used to detect DNA strand breaks in the HBEC cells following 48 h exposure to the six different NPs in three doses (1, 10 and 20 μg/ml; 0.3-6.3 μg/cm 2 ) (Figure 4 ). Compared to the control levels (2.6% DNA in tail), the Ag NPs showed increased DNA breaks in all doses with levels around 8-9% DNA in tail for particles sized 5 nm and around 4-11% for particles sized 50 nm. Analysis using two-way ANOVA for the Ag NPs showed concentration-dependent effects but no size-dependent effects (both particle sizes being active). This was in contrast to the Au NPs for Broad zeta potential distribution from -70 to +40 mV with two main peaks at -30 and -11 mV. f Broad zeta potential distribution from -95 to +20 mV with one main peak at -29 mV. g Particle size in cell medium was determined using NTA, the main peaks (nm) are indicated. which only the smallest particles (5 nm) were active showing 3.3, 5.6 and 7.2% DNA in tail, respectively, in the different concentrations tested. The Pt NPs showed a slight size-dependent effect in the sense that Pt 50 nm caused some DNA damage not observed for the 5 nm-sized ones, but there was no significant concentration-dependent effect. When comparing the NPs of the same size pairwise using two-way ANOVA, Ag NPs were significantly more active compared to Au and Pt both for 5 and 50 nm. The positive control (cells treated with 20 µM H 2 O 2 for 5 min on ice) showed increased DNA strand breaks in all experiments. 
MN induction
Discussion
In this study, we explored size-dependent genotoxicity of three metallic NPs; Ag, Au and Pt with primary sizes of 5 and 50 nm, following exposure of human bronchial epithelial cells. The main reason for choosing airway cells was the lack of data for Pt NPs, and since increased levels of Pt have been observed in airborne dust (23) , inhalation may be an important exposure route for the general population. We employed two of the most commonly used methods for assessing genotoxicity-the comet assay and the MN assay. By using the mini-gel comet assay (with eight gels on each comet slide) as well as a 96-well microplate-based flow cytometric analysis of micronuclei, time-saving versions of these methods were employed. This enabled screening of all six different NPs in different doses in the same study. Indeed, MN detection using flow cytometry has emerged as an efficient way of determining MN formation (24) . One potential problem with the method is how to distinguish between MN and apoptotic bodies. With the current version, however, a dual dye sequential staining procedure enables their discernment. Thus, cells are first incubated with EMA, a nucleic acid that enters the compromised membranes of necrotic and late-stage apoptotic cells, and then with a detergent-containing lysis solution that includes the nucleic acid dye SYTOX green. In this way, EMA-positive cells (representing dying cells) can be Figure 3 . Viability of the HBEC cells following exposure to Ag, Au and Pt NPs. The cells were exposed to the different NPs in primary size 5 and 50 nm, respectively, for 48 h and were then cultured for another 24 h in fresh medium. After this, the viability was analysed using the Alamar Blue assay. Analysis using two-way ANOVA showed concentration dependent effects for Ag NPs (P < 0.001) and size-dependent effects for Au NPs. excluded from the analysis (24) . The flow-cytometry version of scoring MN has not yet been widely employed for NPs, but two studies of Ag NPs (20 and 50 nm) have been published and showed clear MN induction in the HepG2 cells whereas the Caco2 cells were not as sensitive (25, 26) . Furthermore, we previously used both MN scoring using microscopy as well as flow cytometry in a study on genotoxicity of different TiO 2 NPs (22). We found a good correlation between the methods, although the induction was small (below a 2-fold increase) for the three different materials tested (reference materials NM100, NM101 and NM103 obtained from Joint Research Center in Ispra, Italy). In general, many studies published until now have reported genotoxicity for various Ag NPs and some of these also elucidate possible size-dependent effects. In the present study, we observed genotoxicity (comet assay) for both particle sizes tested (5 and 50 nm). This is in line with our previous study on BEAS-2B cells showing increased DNA damage (comet assay) for all particle sizes of Ag NPs tested (10, 40, 75 nm citrate coated as well as 50-200 nm non-coated) at non-cytotoxic conditions (8) . Similarly to the present study, Souza et al. compared genotoxicity of Ag NPs in particle sizes of 10 and 100 nm and observed a clear induction in DNA breaks (comet assay) for both sizes, whereas only a slight increased MN induction was observed (13) . Huk and colleagues (2014) investigated size-dependent genotoxicity of Ag NPs (50, 80 and 200 nm) using A549 cells and found that the 50 nm-sized particles were the most effective in inducing DNA strand breaks (comet assay), whereas the larger particles were more prone to cause mutations (hprt mutations in V79-4 cells) (9) . The smaller sized Ag NPs were also most genotoxic in a comprehensive study by Guo and colleagues investigating size-(20, 50 and 100 nm) and coating-(citrate and polyvinylpyrrolidone) dependent genotoxicity of Ag NPs. For MN formation as well as mutations (mouse lymphoma assay), the smallest Ag NPs (20 nm) were most potent although the differences were less pronounced when the dose was expressed as surface area (16) . A higher genotoxic potency of smaller Ag NPs (when using mass as a dose metric) has also been shown in other studies (14, 15) . Taken together, a substantial number of in vitro studies show genotoxicity of Ag NPs, but the role of size is not completely clear, probably due to variations in parameters such as agglomeration, cell dose and Ag ion release in the different studies. Genotoxicity in animal studies is less studied and also more controversial (27) . A recent review summarised the findings from 16 in vivo studies and concluded that genotoxicity was reported in the majority of them (12) .
An interesting question relates to whether the genotoxicity is caused by the Ag NPs or the released Ag + ions. Previous studies have suggested an importance of a 'Trojan horse effect', i.e. a high uptake of NPs followed by intracellular release of Ag + (7, 8, 28) . The Ag NP-exposed cells can thus be affected both by the NPs and the released ions. Two recent studies have shown genotoxicity of Ag NPs as well as Ag ions/complexes (from added AgNO 3 ) (16, 29) , but different underlying mechanisms were indicated. Likely, small Ag NPs form ROS, such as hydroxyl radicals (29, 30) , whereas the Ag ions/complexes react with thiol groups leading to e.g. depletion of glutathione.
In contrast to the Ag NPs, we observed clear size-dependent DNA damage (comet assay) for the Au NPs in the sense that only the smallest (5 nm) particles were active, which is perfectly in line with another study comparing genotoxicity of Au NPs of different size (5, 20 and 50 nm) (31) . Interestingly, in this study also in vivo genotoxicity using the MN assay was performed and the results showed no MN induction following the standard procedure (MN frequencies in bone marrow cells of mice after 4-day intravenous administration), whereas an evident induction was observed after repeated long term exposure (14 repeated doses) (31) . MN induction as well as DNA strand breaks have also been reported for Au NPs sized both 5 and 15 nm (17) . A recent study showed, however, lack of MN induction of Au NPs but an apparent response using the comet assay (32) . The authors concluded that the response observed in the comet assay may be 'false positive' due to additional DNA damage formed during the assay performance as a result of direct interaction between Au NPs and nucleoid DNA (32) . This has also been suggested in other studies (33, 34) and such interactions may indeed result in some additional DNA breaks. To what extent such interactions cause false positives, rather than slightly exaggerated damage, remains to be elucidated.
An important question is what mechanism that may underlie genotoxicity of small Au NPs. Clearly, Au NPs are generally considered non-toxic, but results are inconclusive in particular for sizes below 3-5 nm (35) . Pan and colleagues demonstrated, e.g. that Au NPs in the size range of 0.8-1.8 nm were highly toxic whereas 15 nm-sized Au NPs were relatively non-toxic (36) . For Au NPs with a size of 1.4 nm, a direct interaction with DNA has been suggested to be an important mechanism for the toxicity observed (37) . Small Au NPs are also known to be catalytically active (38) . The exact mechanism for size-dependent genotoxicity of Au NPs is thus still not totally defined.
In contrast to the Au NPs, the Pt NPs showed a size-dependent effect in the sense that the 50 nm Pt NPs caused a small increase in DNA damage compared to the 5 nm-sized NPs. Pt NPs are not very well studied, but in a previous study on keratinocytes a slight induction of DNA strand breaks were observed for Pt NPs sized 5.8 nm, an effect that was more pronounced compared to observations made for Pt NPs sized 57 nm (19) . Furthermore, Asharani et al. reported genotoxicity of Pt NPs (size approximately 5-8 nm) using both the comet assay and the MN assay, although observed effects in the comet assay were mainly pronounced for higher doses (40-180 µg/ml) (5). Other studies have reported that Pt NPs are seemingly non-toxic (20, 39) , thus, the full understanding on Pt NP (geno)toxicity remains to be elucidated.
Taken together, by using the comet assay, our study shows DNA strand breaks from Ag NPs, without any apparent differences due to particle size, whereas effects from Au NPs were clearly size-dependent in the sense that only the 5 nm sized particles were active. For Pt NPs, a small increase in DNA breaks was observed for the 50 nmsized NPs.
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Supplementary data are available at Mutagenesis Online. 
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